The mixotrophic ciliate, Mesodinium rubrum, is a globally distributed ciliate that relies on the acquisition and use of chloroplasts derived from its cryptophyte prey. The ecology and physiology of the cryptophytes is not well known, nor is it clear how their growth influences M. rubrum blooms. A 4-week survey was conducted in the Columbia River estuary in 2013 during the decline of the annual M. rubrum bloom to better understand how environmental factors influence the dynamics of the cryptophyte prey, Teleaulax amphioxeia. Abundances and division rates of freeliving Teleaulax-like cryptophytes were continuously monitored using flow cytometry. Cryptophyte division rates, estimated in situ for the first time using a size-structured division rate model, ranged from 0.2 to 1.5 d , with the highest rates observed in accordance with high abundances. These division rates were positively correlated with concentrations of dissolved inorganic nitrogen and phosphorus, suggesting nutrient availability limited the growth of Teleaulax-like cryptophytes at that time. Assuming a minimum ingestion rate of~1 cryptophyte ciliate
I N T R O D U C T I O N
The cosmopolitan coastal ciliate, Mesodinium rubrum (=Myrionecta rubra) (Lohmann, 1908; Jankowski, 1976) , is among the marine microzooplankton that acquire and temporarily maintain the plastids of their cryptophyte algal prey, in this case, Teleaulax amphioxeia (Herfort et al., 2011a (Herfort et al., , 2011b . This relationship allows the ciliate to function as a mixotroph, capable of employing both phagotrophy and photosynthesis, to acquire carbon (Gustafson et al., 2000; Qiu et al., 2016) . A variety of associations have been observed in situ and in laboratory cultures of M. rubrum, including the harboring of plastids and other organelles (Gustafson et al., 2000; Johnson et al., 2007) . Although M. rubrum populations are important primary producers in many coastal and estuarine systems (Crawford, 1989; Stoecker et al., 1989; Herfort et al., 2012) , little is known about the ecology and physiology of the free-living cryptophyte prey and its influence on Mesodinium bloom dynamics.
Massive M. rubrum blooms (i.e. red water blooms) occur each summer in the Columbia River estuary (Herfort et al., 2011a (Herfort et al., , 2011b . The blooms persist for several weeks during the late summer and early autumn and shift the trophic status of the estuary from net heterotrophic to net autotrophic . The annual M. rubrum bloom appears to be initiated during summer neap tides (Herfort et al., 2011a (Herfort et al., , 2011b when both tidal forcing and the seasonality of freshwater discharge result in an extended summer saltwater intrusion (Chawla et al., 2008) . The blooms appear to start in Baker Bay where a shallow depth and long waterretention time favor the persistence of high cell abundances (>100 cells mL ) of M. rubrum. Within a few weeks the initial blooms spread throughout the main estuary (Herfort et al., 2011a (Herfort et al., , 2011b . A decline in the abundance of small (<5 μm) and free-living Teleaulax cells coincided with an increase in M. rubrum abundance observed in the estuary in 2011 (Peterson et al., 2013) which suggests a direct link between consumption of the cryptophyte prey and the initiation of M. rubrum blooms. Further evidence of a connection between prey populations and the development of M. rubrum blooms has been observed elsewhere including in an Antarctic saline lake where an increase in the abundance of cryptophytes preceded the increase in abundance of M. rubrum (van den Hoff and Bell, 2015) . In Jinhae Bay, Korea, peaks of cryptophyte abundance coincided with those of M. rubrum (Kim et al., 2007) , while the opposite occurred for a bloom in the Chesapeake Bay (Johnson et al., 2013) . However, the factors that influence cryptophyte prey population dynamics remain poorly understood in these systems.
To investigate the influence of prey population dynamics on M. rubrum blooms, we examined patterns in abundance and division rates for free-living T. amphioxeia. Numerous factors influence cell abundance, including cell division, cell mortality and physical advective transport. In a dynamic system such as the Columbia River estuary, where semidiurnal tides dramatically change phytoplankton community composition (Fortunato et al., 2012) , a high-frequency sampling approach is required to properly capture changes in abundances over time. Hourly measurements of the population size structure can be used to estimate division rates based on changes in cell-size distribution over the course of a day (Sosik et al., 2003; Hunter-Cevera et al., 2014; Ribalet et al., 2015) . This method eliminates many of the difficulties and biases associated with the determination of cell division rates using discrete sampling techniques (Laws, 2013) .
Here, we use the SeaFlow (Swalwell et al., 2011) , a continuous flow cytometer, to determine cryptophyte abundances and division rates both in the laboratory and during a 4-week survey carried out in 2013. Dissolved nutrient concentrations, salinity, temperature, irradiance, and abundances of cryptophytes and M. rubrum were measured during the decline of a red water bloom in the Columbia River estuary. Daily division rates of cryptophytes were calculated from the change of size distribution over a 24-h period using a size-structured division rate model (Sosik et al., 2003; Ribalet et al., 2015 ). These division rates were then linked to environmental conditions in the estuary to identify potential growth limiting factors. The abundances of the cryptophyte population were compared with abundances of M. rubrum to examine the influence of prey cryptophytes on the dynamics of red water blooms.
M E T H O D Study area
Samples were collected at 2.4 m depth for 1 month, 4 days a week, from 11 September to 2 October 2013 from a continuous seawater flow-through system at SATURN-03, a fixed station located at the end of a dock in Hammond, OR (Supplementary Fig. S1 ; Baptista et al., 2015) . Discrete samples for the determination of cell abundances and size class structure of the population were also collected at the station during the turn of the high tide (i.e. at slack water).
In situ monitoring
Water temperature and salinity were measured at SATURN-03 using a SeaBird 37 ConductivityTemperature meter, coupled with a chlorophyll and phycoerythrin fluorometer (Turner Designs), deployed in-line with the pumped water system that alternates between three depths (see Baptista et al., 2015 for description) . Water measurements were extracted for the 2.4-m depth corresponding to the flow cytometry sampling described below. Photosynthetic Active Radiation (PAR) data were obtained from Desdemona Sands Light mooring, located 3 km north of SATURN-03.
Dissolved inorganic nutrients
Duplicate nutrient samples were collected in temporary bottles from water pumped to the surface at SATURN-03 and then filtered into 30 mL HDPE storage bottles. All bottles for collection and storage of samples, syringes and filter housings were washed with 10% hydrochloric acid and rinsed three times with deionized water before use. Bottles, syringes and filter housings were dried, capped and stored in clean Ziploc bags until use. Collection bottles were rinsed three times with sample and filled by gently pushing sample through a clean Swinnex filter holder loaded with a combusted 25-mm glass fiber filter (Whatman GF/F) using a clean 60-mL syringe. Storage bottles were rinsed three times with filtered sample before final filling; samples were frozen upright at −20°C.
Nutrient concentrations were determined using an Astoria Analyzer (Astoria-Pacific, Clackamas, OR, USA). Before analysis, all samples were thawed in a water bath (55°C) and cooled to room temperature. Nitrate, nitrite, ammonium and orthophosphate were determined using manufacturer recommended methodology (Armstrong et al., 1967; EPA, 1984 EPA, , 1997 . These methods have minimum detection limits of 0.5, 0.2, 0.3 and 0.2 μM, respectively. Quality assurance was maintained by running certified reference material (ERA catalog #4023).
Determination of cryptophyte cell abundance and cell size
Continuous measurements of cryptophyte abundances and cell size were made using SeaFlow (Swalwell et al., 2011) . The instrument was equipped with a 457-nm 300-mW laser (Melles Griot). Forward light scatter (a proxy for cell size), red and orange fluorescence were collected using a 457-50 band-pass filter, 692-40 band-pass filter and 572-27 band-pass filter, respectively. Seawater was prefiltered through a 100-μm stainless steel mesh (to eliminate large particles) prior to analysis. The flow rate of the water stream was set at 15 mL min −1 through a 200-μm nozzle. A programmable syringe pump (Cavro XP3000, Hamilton Company) continuously injected fluorescent microspheres (1 μm, Polysciences) into the water stream as an internal standard. Data were recorded to file in 3-min intervals. Data were analyzed using the R package Popcycle version 0.2 (available on GitHub https://github.com/ uwescience/popcycle). A sequential bivariate manual gating scheme was used to identify the cryptophyte population based on forward light scatter, high orange (assumed to represent phycoerythrin-containing cells) and high red fluorescence measurements.
To confirm the identification of cryptophyte cells, discrete samples for flow cytometry were collected once a day during slack tide. Flow cytometry samples were fixed with 0.25% glutaraldehyde and stored at −80°C and analyzed 6 months after collection using a BD Influx cell sorter equipped with a 488-nm 200-mW laser (Coherent). One hundred cells from the cryptophyte population identified by flow cytometry were sorted onto a glass slide and examined under a Nikon Eclipse 80i epifluorescence microscope at 400× magnification then photographed using a Qimaging MicroPublisher 3.3 RTV camera.
We estimated cryptophyte cell size using an empirical relationship between light scatter measured by SeaFlow and cell size measured by a Coulter Counter for different exponentially growing phytoplankton cultures of cell sizes ranging from 1 to 10 μm (Ribalet et al., 2015) .
Estimates of cryptophyte cell division rates Laboratory culture validation
A non-axenic culture of the cryptophyte Rhodomonas sp. (CCMP 755) was grown in the laboratory in natural seawater amended with f/2 nutrients at 13°C with a 16:8 light-dark cycle of 100 μmol photons m −2 s −1 provided by white fluorescent tubes. The culture was grown for 4 d in a 20-L batch culture and continuously mixed with a magnetic carboy stir bar. A peristaltic pump (Peri-Star Pro, World Precision Instruments) collected samples at a rate of 15 mL min −1 for 15 min every hour for measurement with a SeaFlow continuous flow cytometer. On Day 3, 1 mL samples of the culture were collected in triplicate every 2 h for 28 h, fixed with 0.25% glutaraldehyde and stored in liquid nitrogen for cell-cycle analysis. One month after sample collection, fixed samples were stained with the green-fluorescing DNA stain SYBR Green I (diluted with dimethylsulfoxide) at a final concentration of 0.01% for 15 min at room temperature in the dark. Following the addition of fluorescent microspheres (1 μm, Polysciences) used as an internal standard, stained samples were measured with a BD Influx flow cytometer and analyzed using FlowJo version 9.7.2 (Tree Star). At least 10 000 cells were collected per sample. DNA frequency distributions were analyzed using the FlowJo cell cycle platform to obtain cell fractions in G1, S and G2+M phases. Division rates based on DNA distributions were computed as described previously (Carpenter and Chang, 1988) . Cell-cycle based estimates of division rates were then compared with size-structure modeled division rates. The cell-cycle method was used to validate the model, as opposed to estimating division rates based on the rate of change in cell abundance since preliminary results showed a significant decrease in cell abundance of the Rhodomonas sp. culture during the night.
Size-structured matrix model
We used a size-structured matrix population model developed by Sosik et al. (2003) to estimate cryptophyte population division rates. The model represents changes in cell sizes over a diel cycle and can be fit to time series of cell size distribution. The fitted model provides an estimate of the daily division rate independently from cell abundance. We implemented Sosik's original Matlab model in an R package ssPopModel version 0.1.1, available on Github. The model is based on the assumptions that (i) cell growth over a 1-h period is determined by light exposure, with other abiotic factors such as nutrient availability and temperature operating at longer time scales, (ii) the probability of a cell dividing depends on size, (iii) all cells within a discrete size class have the same probability to change to another size class, and (iv) a cell divides into two daughter cells, each half the size of the mother cell. The model predicts the cell size distribution over the course of the day using the cell size/cell division relationships and the light dependence of cell division. Daily-averaged division rates were calculated as the sum of hourly division rates over a 24-h period. The formulation and details of the model can be found in Sosik et al. (2003) .
Mesodinium rubrum cell abundance
Forty-five milliliter samples fixed with a final concentration of 0.5% glutaraldehyde were collected into 50 mL centrifuge tubes for M. rubrum counts and stored at −20°C. Prior to analysis, the samples were slowly thawed to 4°C and analyzed using an imaging flow cytometer (FlowCAM, Fluid Imaging, Inc.) . A minimum of 1000 particles with diameter >5 μm were captured and the images were separated using VisualSpreadsheets software version 3.1 (Fluid Imaging, Inc.) according to size. Those resembling M. rubrum were identified based on visual inspection and enumerated. Flow rates were calculated using VisualSpreadsheets software, allowing for the quantification of cell abundance.
R E S U L T S Environmental conditions
The Columbia River estuary is a turbid and often highly stratified system characterized by dynamic physical processes, short water-retention time (0.5-5 d), and strong influence from diurnal and semidiurnal tides (Neal, 1972; Jay and Smith, 1990) . Throughout the 4-week survey at SATURN-03 ( Supplementary Fig. S1 , Supplementary Material online), surface water (2.4-m depth) temperature and salinity were anti-correlated and oscillated with the tidal cycle. High tide was characterized by colder, higher salinity water from the Pacific Ocean, and low tide characterized by warmer, lower salinity water from the Columbia River (Fig. 1A) . The survey began and ended during the neap tide period of the mixed semidiurnal tidal cycle (Days 1-7, Days 14-25). The spring tide, which occurred during the second week of the survey (Days 7-14), coincided with the largest oscillations in surface water salinity and temperature observed during the survey. The lowest average salinity was observed on the last neap tide (Days 23-25), and corresponded to minimal variation in temperature (Fig. 1A) .
Orange fluorescence, a proxy for biomass of phycoerythrin-containing cells, was high the week before the start of the survey and decreased near the detection limit during the survey ( Supplementary Fig. S2 , Supplementary Material online). Chlorophyll a fluorescence, a proxy for total phytoplankton biomass, was high the week before the start of the survey and decreased subsequently (Fig. 1B) . The lowest values during the survey were observed during neap tides (Days 1-7, Days 14-25), and increased during spring tide . A positive correlation between chlorophyll a fluorescence and tidal cycle was observed during the survey, with high chlorophyll a corresponding to high salinity (R = 0.58, P < 0.001). Percent saturation of oxygen showed a similar pattern to chlorophyll a fluorescence, with the highest saturation observed before the start of the survey (>90%), and reduced saturation during neap tides (Fig. 1B) .
Concentrations of dissolved inorganic nitrogen (DIN, the sum of nitrate, nitrite and ammonium) and dissolved inorganic phosphate (DIP) were relatively high during the survey (>5 μM and >0.4 μM for DIN and DIP, respectively), with the highest values observed at Day 7, which coincided with the start of the spring tide (Fig. 1C) . DIN and DIP concentrations co-varied throughout the survey.
Cell abundances
Fixed samples of putative cryptophyte populations were examined under a light microscope after sorting with a BD Influx flow cytometer (Fig. 2A) . The small size (5-10 μm in length) and teardrop shape of the cells (Fig. 2B) corresponded with previous observations of T. amphioxeia cells (Peterson et al., 2013) , suggesting that most of the cryptophyte cell population measured by the SeaFlow during the survey corresponded to a Teleaulax population. Hourly averaged cell abundances of Teleaulax-like cryptophytes measured continuously by the SeaFlow ranged from 0.02 × 10 6 to 1.8 × 10 6 cells L −1 with an average of 0.29 × 10 6 cells L −1 (Fig. 3) . Cell abundances obtained with the SeaFlow were in excellent agreement with discrete samples analyzed by conventional flow cytometry (R 2 = 0.83, P < 0.01, Supplementary Fig. S3, Supplementary Material online) . Discontinuity in cell abundance resulted when the SeaFlow had to be cleaned due to high concentrations of suspended particles in the water. The highest abundances of Teleaulax-like cryptophytes were observed during the first 2 days of the first neap tide, with a daily-averaged abundance of 0.52 × 10 6 cells L −1 , (Fig. 3A) . The spring tide (Days 7-14) and second two neap tides (Days 14-25) exhibited the lowest abundances with an average of 0.08 × 10 6 cells L −1 and 0.09 × 10 6 cells L −1
, respectively ( Fig. 3B and C) . Although variations in cell abundance changed rapidly over a few hours, changes in the abundance of Teleaulax-like cells did not coincide with day/night cycle, daily tidal cycle nor spring/neap tide cycle.
The abundances of M. rubrum (measured once daily at high tide) were on the same order of magnitude, but were typically lower than abundances of Teleaulax-like cryptophytes detected by the flow cytometer with values varying from 0.021 × 10 6 to 0.32 × 10 6 cells L −1 (Fig. 3) . A positive correlation between abundances of Teleaulaxlike cryptophytes and M. rubrum was observed (R = 0.49, P = 0.04; Fig. 4 ). The only observation that does not follow the trend is when M. rubrum is at its highest cell abundance. Abundances of M. rubrum and Teleaulax-like cells were not significantly correlated with environmental conditions such as salinity, nutrient concentrations or spring/ neap tide cycle. 
Division rates
To gain confidence that size distribution data from SeaFlow could accurately estimate division rates of natural populations of cryptophytes, we compared size-based estimates of division rates (h −1 ) with cell-cycle based estimates of division rates for Rhodomonas sp., a cryptophyte of similar size range as T. amphioxeia (6-12 μm in diameter), in culture. The hourly division rates estimated using DNA-based cell-cycle analyses and the size-structured model provided a similar range of estimated division rates and followed the same general trend throughout the experiment (Fig. 5) , although some significant differences occurred around dawn (at Hours 1, 3 and 27). The coefficient of determination R 2 = 0.60 (P < 0.01; Supplementary Fig. S4 , Supplementary Material online) indicated that the model provided reasonable estimates of division rates for the cryptophyte, Rhodomonas sp. in culture. Restricted access to the sampling site prevented use of the cell-cycle method in the field, which requires discrete samples taken at least every 2 h over the 24-h cycle. Instead, division rates for the Teleaulax-like cryptophyte population were derived from model-based estimates. During the survey, the median size of the Teleaulax-like cryptophyte population increased during daylight and decreased at night, regardless of the tidal cycle (Fig. 6A) , which is consistent with the model assumptions that photosynthesis and cell division are the main factors influencing the change of cell volume over a 24-h period (Sosik et al., 2003) .
Estimates of the daily division rates of Teleaulax-like cryptophyte population during the survey ranged from 0.2 ± 0.1 d −1 to 1.5 ± 0.1 d −1 (equivalent to a doubling time of 3.5 days and 0.5 day, respectively), with the highest rate observed on Day 3 (Fig. 6B) . Division rates were positively correlated with concentrations of dissolved inorganic nutrients (R = 0.66 and 0.55, P < 0.05, for DIP and DIN, respectively) (Fig. 7) . No significant correlation was observed between division rates and other environmental factors such as temperature or PAR (data not shown).
D I S C U S S I O N Ecophysiology of the T. amphioxeia during the survey
The cryptophyte T. amphioxeia is a cosmopolitan marine species that is widely distributed in coastal habitats worldwide. During our survey, Teleaulax-like cryptophyte abundances shifted dramatically over the course of just a few hours. This suggests that its distribution is very patchy and is likely due to strong physical transport, as the estuary is typically characterized as a fast flushing system with a tidal excursion of 20 km for an average estuarine outflow of 1 m s −1 (Horner-Devine et al., 2009) . Such variability in cell abundance over short time scales emphasizes the importance of continuous measurements, such as continuous flow cytometry, for monitoring phytoplankton in estuaries. No consistent increase in cryptophyte cell abundance was observed with seawater intrusion with variations in abundances not directly related to the daily tidal cycle or spring/ neap tide cycle. The lack of a relationship between Teleaulax-like cryptophyte cell abundance and salinity is in direct contrast with our measurements of chlorophyll a concentrations, which suggests that seawater intrusions bring many phytoplankton cells of marine origin into the estuary.
Despite its patchy distribution, Teleaulax-like cryptophytes were always detected throughout the survey, enabling us to estimate division rates of the population for the first time in the field (Fig. 6) . The highest estimates of division rates for the Teleaulax-like cryptophyte population reached 1.5 d −1 during the survey (Day 3), which is consistent with previously observed division rates for isolates grown in the laboratory under nutrient replete conditions (Nishitani et al., 2008; Rial et al., 2013) . The positive correlation between division rates of the cryptophyte and concentrations of DIN and phosphorus (Fig. 7) suggests that nutrient availability controlled division rates during the survey. The potential effect of nutrient availability on the cryptophyte growth is unexpected in the turbid waters of the Columbia River estuary where light is generally considered to be an important factor limiting phytoplankton growth (Small et al., 1990) . No significant correlation between PAR and cryptophyte division rates was observed which supports previous studies that hypothesized that the photosynthetic machinery of cryptophytes is well adapted to low-light conditions (Bergmann et al., 2004) .
Influence of Teleaulax cryptophyte abundances on M. rubrum
Abundances of Teleaulax-like cryptophytes during our survey were comparable to previous year estimates in the estuary with abundances ranging from 0.1 to 1 × 10 6 cells L −1 (Peterson et al., 2013) whereas abundances of M. rubrum remained low (<0.3 × 10 6 cells L −1
) as compared to the high number (>8 × 10 6 cells L −1 ) observed at the surface (1-2 m) during red water blooms (Peterson et al., 2013) . High chlorophyll a and phycoerythrin concentrations in autumn, such as those observed before the start of the survey ( Fig. 1 and Supplementary Fig. S2 , Supplementary Material online), are associated with M. rubrum blooms in the Columbia River estuary . The sharp decline and subsequent low chlorophyll a and phycoerythrin fluorescence indicates that the survey took place during the decline of M. rubrum blooms.
The reason for the decline in M. rubrum abundance remains unclear. While it has been speculated that advective mechanisms may contribute to the initiation of the bloom (Herfort et al., 2011a (Herfort et al., , 2011b , the role of physical processes in its decline is not yet evident, but could potentially provide an explanation. The M. rubrum bloom decline may also be influenced, in part, by the dynamics of the cryptophytes within the estuary. The abundances of Teleaulax-like cryptophytes were very similar to those of M. rubrum during the survey except at the peak of M. rubrum abundance where low abundances of Teleaulax-like cryptophytes were observed (Fig. 4) which suggests that the ciliates exert a strong impact on cryptophyte prey populations. The overall correlation between Teleaulax-like cryptophytes and M. rubrum abundances implies a tightly-coupled predator-prey relationship. Assuming an ingestion rate of~1 cryptophyte ciliate −1 day −1 needed for maximum growth (Yih et al., 2004; Hansen and Fenchel, 2006) , our results suggest that abundances of free-living Teleaulax-like cryptophytes during the survey were too low to sustain the growth of M. rubrum, possibly leading to the decline of the red water bloom. The hypothetical growth limitation of M. rubrum by cryptophyte prey availability may be even stronger considering that M. rubrum may compete for cryptophytes against other predators in the estuary, such as dinoflagellates (Yih et al., 2004 and references therein) .
Despite the low abundances of free-living Teleaulaxlike cryptophytes observed during the decline of the red water bloom, a proportion of M. rubrum population may still be able to grow. In both the Korean and Antarctic isolate of M. rubrum, it has been shown that the prey plastids not only persist but also maintain photosynthetic function for >90 days (Johnson and Stoecker, 2005; Johnson et al., 2007; Myung et al., 2013) . The growth of M. rubrum in the Columbia River estuary may additionally be sustained by the replication of the cryptophyte plastids within the ciliate, as seen in the Antarctic strain of M. rubrum (Johnson et al., 2006 (Johnson et al., , 2007 , eliminating the need to ingest new cryptophyte prey to acquire  carbon. The idea of whole cryptophyte endosymbiont replication, termed "Mesodinium-farming-Teleaulax", has also been proposed in a study on the Long Island Sound M. rubrum bloom (Qiu et al., 2016) , but the results of this investigation are rather contentious and may not be applicable to populations outside of their limited field samples (Johnson et al., 2017) . Without a cultured representative of M. rubrum, the specifics of this predator-prey relationship in the Columbia River estuary remain speculative. While environmental conditions (such as nutrient availability) affect the physiology of T. amphioxeia and abundance of the free-living cryptophyte may play a significant role in the control of the M. rubrum bloom, it is very likely that the unique interaction between this ciliate and its cryptophyte prey contribute to M. rubrum's proliferation in estuaries.
C O N C L U S I O N S
The present study shows that nutrient-limited division rates of Teleaulax-like cryptophytes may be responsible for the decline in their abundance, which may in turn have contributed to the decline of the M. rubrum bloom. Although M. rubrum have developed mechanisms to maintain continued growth when abundance of freeliving prey are low (i.e. organelle replication, replication of whole endosymbiont cells), our results suggest that the dynamics of the free-living Teleaulax-like cryptophytes have a direct effect on the M. rubrum population in the Columbia River estuary. Whether this effect is specific to M. rubrum and its Teleaulax prey in this estuary or a widespread phenomenon remains to be elucidated.
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